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A FLIGHT EVALUATION OF A WING-~SHROUD-BLOWING BOUNDARY-
TAYER CONTROIL SYSTEM APPLIED TQ THE FLAPS
OF AN FOF-I ATRPIANE

By L. Stewart Rolls and Robert C. Innis
SUMMARY

As & portlon of the general research program on the use of
boundary-layer control to improve the maximm 1ift charscteristics of
airplane wings, the Bureau of Aeronautics loaned the Ames Aercnautical
Isborstory of the NACA an FGF-U sirplane to evaluate a high~energy blow-
ing boundary-layer-control system in fiight. The high-energy blowing-
boundary-layer control system was installed in the F9F-I airplane by
the Grummen Alrcraft Engineering Corporation on contract with the Buresu
of Aeronautics. '

A serles of test flights were made to measure the 1ift and drag
variastions with changes in angle of attack for the flsp and gear both up
and down and for blowing both on and off. The test dats indicated that
the boundary=-leyer=control system increased the maximum 1ift coefficient
in the approach canfiguratlions from 1.98 to 2.32. An evaluation of the
airplane by the four research pilots at the Ieboratory indicated an aver=
age reduction of 10 knote in the spproach speed by the use of the
boundary~layer-control system. Calculstlons were made to evaluate the
performance cgpabilitles of the airplsne with boundary-layer control in
the take-off, catapult, approach, and lending configurations.

INTRODUCTION

An increased emphasis has been placed, in the lest few years, an
the use of boundary-lsyer control (BIC) to improve the 1ift charachter-
istics of wings. Research studies on the use of boundasry-layer control
have been conducted by the Air Force, the Bureau of Aeromsutics, mmiver=-
sities, and the National Advisory Committee for Aeronsubtics. This
research has been conducted with both area~suction (e.g., ref. 1) and
high~energy blowing (e.g., ref. 2) types of boundary-layer control.

YN momrepn
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As s portion of thils extensive program, the Buresu of Aercnautics
contracted with the Grummen Aircraft Engineering Corporstion to modify
an F9F-L airplane to incorporate s high=-energy blowing gystem over the
flap. The Bureau of Aeronautics loaned this boundary-lsyer-control °
equipped F9F-4 to the Ames Aeronsutical ILeboratory of the NACA to evalu-
ate the boundary-~layetr control system in flight,.

The purpose of this report is to present the in-flight evaluation
of the high~energy boundary-layer control system, to compare the present
results wlth those derived from small-scale wind~tunnel tests, and to
calculate the effect of the use of the boundary-layer control system on
the landing and take-off characteristics based on the flight results of
the aircraft. T .

NOTATTON
Cp drag coefficient, 92%5
a
C;,  1lift coefficient, i%gi

CI maximum 11ft coefficient . . . e

cp gspeciflc heat at constant pressure

Cu momentum coefficient, gg%

Fa gross thrust, 1b

g acceleration constant, 32.2 £t/sec®

J mechanical eguivaelent of heat, ft-lb/Btu
N engine speed, percent

1 duct static pressure, lb/sg ft

18 free-stream static pressure, 1lb/sq ft

q dynamic pressure, lb/sq ft

S wing area, sq ft
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Tq alr temperature in duct, °R

VJ velocity of blowing Jjet,assuming isentropic expansion to free-
stream static pressure, EchPTd_(l - ‘%g o s £t/sec

w weight flow of air in the blowing system, 1b/sec

X horizontal distance from the nozzle to the tangent point on the
flap nose, in.

¥ vertical distance from nozzle to the tangent point on the flap
nose, in,

(o angle of attack, deg

ACy, Increment between two valuee of Cp, at comstant angle of attack

(3] ratio of totel pressure at compressor to total pressure at sea
level

e ratlio of total temperature at compressor to total temperature at

gea level
ATRPTANE AND INSTRUMENTATION

The airplane used in these tests, a Grummsn FOF-l, is a single-
place, stralght-wing, Jet-propelled aslircraft. A drawing of the test
alrplane is shown In flgure 1 and a photograph in figure 2. Dimensional
data for the airplsne are presented in table I. External modifications
made to the sirplane consisted of & nose boom used to mount an alrspeed
head and an angle~of-attack vane. During this Investigation the gross
welght of the airplane varied from 15,000 pounds to 13,000 pounds end the
center of gravity was at about 24 percent of the mean aerodynsmic chord.

The entire boundaery-layer control system was installed by the
Grunman Alrcraft Englineering Corporation. A schematic drawing of this
system is shown in figure 3. The system consists of ports on the engine,
the ducting from the engine to the flap, the blowing slit over the flsap,
end & cantrol wvelve actuated manuslly by the pilot. A sketeh of the
wing croes section showing the relative location of the wing duct, nozzle
in the wing shroud, and flep is shown in figure U(a). The varliation of
flap gap and flap spacing is shown in figure L(b), and a photograph of
the nozzle is shown in figure U(c). The maximum air flow is governed by
the nozzle exit area (2.6 sq in.) and the engine pressure since the wing
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duct nozzles operate at a supercritical pressure. The variation of .
engine bleed air with engine speed, with the valve full open, is shown

in figure 4(d). A nearly continuous nozzle was provided by the use of
shims located every 1.5 inches spanwilse which resulted in & mean nozzle
gep of 0.040 inch as compared to & design value of 0.042 inch. The flaps-

down teste were carried out with flaps deflected to 45°.

The normal flap &ystem on the FIF-I airplane consists of two flaps:
e simple split flap located in the wing center section on the lower
surface of the fuselage, and s slotted flap located on the inboard end
of the wing outer panel. These two flaps are shown in figure 2. The
blowing-system modifications were made to the wing ahead of the slotted
flap only. These modifications consisted of relocating the flap hinge
point ta an optimum flap position for blowing, s indicated by wind-tunnel
tests for this configuration (ref- 3), and also a redesign of the slotted-
flap leading edge to form a converging channel between the relocsted flap
and the wing duct. The revised hinge fittings and flap actuators were
mounted externally ae shown in figure 5. The pylons which appear in this
figure were net on the wing during the majority of these tests. The
original droocpable lesding edge of the wing which is activated by the wing
flap was maintained on this airplane.

Instruments were installed to simulteneously record measurements of
airspeed, altitude, nofmal acceleratiom, longitudinal acceleration, angle
of attack, and net thrust in order to determine the 1ift capabillities of
the various configurations of the blowing system tested. IFurther instru-
mentation was installed in the airplane to measure the quantity of bleed
air flow and the bleed duct pressure ratio.

TESTS

Measurements of the low-apeed characteristics of the test alrplane
were taken at an altitude of 5,000 feet to permit complete stalling of
the airplane without undue hazard. The data dincluded in thils report
were taken during rums in steady flight at gradually decreasing airplane
velocity, beginning at the placard speed with the flaps and gear down
(220 knots), and continuing until ebout 10 knots above the stall speed.

A time-history record was then obtained from this polnt down to the stall.
The rate of change of airsgpeed during the time-history portion of the
record did not exceed 1 knot per second. The records were terminated when
the pllot felt the airplane was no longer controllable. The variations of
flap effectiveness with momentum coefficlent were obtained from data taken
at varlous engine speeds and valve positlons.

An appraisal of the boundary-layer control system, &s installed in
the FOF-4 sirplane was made by the four research pllots at the Iaboratory
during simulated carrier landings, wilth a landing signal officer, with
the boundsary-layer control system on and off. '

e
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RESULTS AND DISCUSSION

Effect of Blowing on the Aerodynemic Cheracteristlcs

The configuration of the test airplane which will be considered as
the basic configurstion is shown in figure 2. This configuration was with
tip tanks on, both the wing flap and the fuselage split flap operating,
droopable nose activated by the flap, and the under surface of the wing
clean except for the external hinges.

Iift and drag.~ A set of data obtained for the test airplane in
the approach condition is shown in figure 6. This figure shows the vari-
ation of angle of attack and drag coefficient with 1ift coefficient. The
equations used to determine the 1ift and drag ccefflclents are discussed
in Appendix A. Exsmination of these equations indicates that the 1ift
and drag coefficients as presented in this report have been corrected for
the effect of the engine thrust. The three airplane configurations for
which data are presented in figure 6 are: (1) flaps and gear up, boundary-
layer control off; (2) flaps and gear down, boundary-layer control off;
and (3) flaps and gear down6 boundary-layer control. on. These data are
for a flap deflection of 45° and an epproach power setting of 85 percent
of maxdimum engine speed. The difference in the angle of attack for stall
with the fleps and gear up and with the flaps and gear down is attribut-
able, in part, to the droopeble leading edge which is deflected vwhen the
trailing~edge flasp is lowered. The maximm 1ift coefficients shown in
this figure are 1.30 flape and gear up, 1.98 flaps and gear down - blowing
off, and 2.32 flaps and gear down - blowing on.

Also shown in figure 6 is the variation of momentum coefflcilent
(Cp) with 1ift coefficient. This variation in momentum coefficient is
the result of the gradusl decrease in dynamic pressure used to vary the
1ift coefficient during a test run.

Comparison of the drag polars shown in figure 6 indicates that the
drag coefficlients wilth blowing on are greater than with bplowing off at
low values of 1ift coeffieients. This was also indicated 1n the wind-
tunnel tests of this installation (ref. 3). These higher drags are
attributed toc the increase in the Induced drag caused by changes in the
gpan load distribution as a result of the blowing over the flap. The
method of references I and 5 wes used to compute the theoretical increase
in the induced drag. The computed increase was spproximately 0.025 which
campares with & measured increase of approximately 0.030, thue indicating
that the measured increment is slightly greater than thet computed by
theory. . '

Effect of changing engine speed.- To evaluate the effect of chang-
ing the engine speed as might occur during & take-off or a wave-off
maneuver, the 1ift and drag characteristics of the airplane were measured
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at militery power (10O-percent rpm). These 1ift and drag variations,
along with the variation in momentum coefficient, are presented in
figure 7. " Also shown in this figure are the characteristics measured at
the approach power (N = 85 percent). These date show that at military
power, the lift coefficient ig hligher for the same angle of attack and
the drag coefficient is higher for the same 1ift coefficient. These
changes are attributed to increases in momentum coefflclent at the higher
engine speed and willl be discussed more fully in a later section.

Effect of Blowlng on ILift Increments _ . oL

The varistion of alrplane 1ift coefficlent with momentum coefficlent
at seversl values of angle of attack is presented in figure 8. The change
in flap 1ift Increment with changes in momentum coefficlent at constant
angle of attack 1s presented in figure 9. These data indlcate that the
1ift increment due to blowlng approaches a constant value at the higher
values of momentum coefficient at angles of attack below that for maxi-
mm 1ift, ‘

To evaluate the effectiveness of the boundaxry-layer control system,
& comparison was made between the flap 1ift increments obteined during s’
flight end the theoretical flap 1ift Increments computed by the method of
reference 5. A comparison is presented inm figure 10, The alrplane
configuration used In this comparison was selected as one on whilich the r
flap 1ift increment could be most relisbly computed by means of the
theory (i.e., blowing flep deflected, split flap retracted, nose flap
locked drooped, and wing tip tanke removed). The flap 1lift increments,
as shown In thils figure, sre larger than those computed from reference 5.
The exact breskdown of these higher lifte between clrculation increases
and mere momentum changes is unknown; however, assuming the total momentum
of the blowling system was converted inte 1ift, due to its downward deflec-
tion, the 1ift coefficient would be increased by only 0.022. A photograph
of the airplane as modified to obtaln the data to correlate with the
theory 1s shown in figure 11. The measured 1ift coefficients versus angle
of attack for this configuration are shown In figure 12,

A comparison of the flight results with the results of a 1/5.5-scale
model of the F9F-4 performed at the David Taylaor Model Basin (ref. 3) 1s
pregented in figure 13. In figure 13(a) the comparison of the flight and
tunnel measured varlation of 1ift coefficient with angle of attack 1s
pregented. The varilation as measured 1n the wind tunnel ss shown in this
figure has been corrected for the same varlatlon in momentum coefficient
es occurred during a typicel flight data run. This comparison Indicates
&8 higher flight 1ift coefficient than messured In the wind tunnrel. The .
difference in angle of attack for stall as measured In the wind tunnel
must be attributed to Reynolds number as there was no difference in model .
configuration indicated. A comparison of the lncrement In 1ift due to o
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blowing is presented in figure 13(b). It was necessary to base this
camperison on the inerement due to blowing as there were no data avallsble
from which to.compute the effectiveness of the basic flsp of the wind-
tunnel model. This comparison also shows that the 1ift increments as
measured in fIight are higher than those iIndlicated by the wind-tunnel
tests. These wind-tunnel data show the same tendency as the flight data
to level off at the higher values of momentum coefficlent. The lower
11t increments due to blowing messured in the tunnel may be the result
of a more effectlve basic flap instsllation cn the model (i.e., no cut-
outs, no external hinges, and a smoother surface) than was present on the
test airplane. : ' '

Effect of Blowing on' the Take-Off end Ianding Characteristics

In order to operate the engine in the FIF-I sirplane during blow-
ing operation without exceeding the I1imits of tall pipe temperature, it
wag necessary to increase the area of the tail pipe exit. This modifi-
cation to the engine teall plpe resulted iIn a thrust loss on the modified
engine. Figure 1U, based on the data from reference 6, shows the thrust
veriation with engine speed for the engine as modified to include the
blowing system, and for comparison the thrust variation of an unmodified
engine 1s sleo shown. Whether the blowing system was operating or not
dild not appreciably affect the thrust characteristics of ‘the modified
engine. To evaluaste the effect of these losses In thrust oan the perform-
ance of the airplane, comparisons will be made in the following candi-
tione: (a) take-off, (b) catapult take-off, (c) approach, snd (d) land~
Ing. The methods used to compute these values are presented In Appendix B.
Since the take-off speed and the catapult speed are set up as functions
of Cr , or the stalling speed, these speeds are presented in figure

15 for comparison.

“
Take=off charscteristics.- From the take~off speeds as defined in
figure 15 the followlng take~off dlstances hesve been computed:

“Weight = 15,000 1b Weight = 15,000 1ib
Ground | Distance over 50} Ground| Distance over 50
run foot obstacle run foot obstacle
Blowlng on 1805 2729 2910 41160
Blowing off 2113 3135 3k10 4755
Standard 1654 2590 2595 3679
airplane
Blowing on
(assuming no | 1396 2217 2190 325
thrust losses)
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It wlll be noted that the airplasne 1s critically affected by the loss

of thrust caused by the installation of the blowing system; in fact, it
cancels any benefit which might be derived from the blowlng system. If
the blowing system could be ingtalled wilthout these severe thrust losses,
appreciable gain in the take~off performance could be realilzed.

Catapult take-off characteristicg.~ Since the land teke-off ls only
one phase of the take=~off problem, an estimate of the catapult capabili-
ties of the airplane was made. The catapult end speeds for the alirplane
with blowing on and the standard slrplene are shown 1ln figure 15. Alsoc
shown in this figure is the capability of an HUYB catapult. The ebrupt
termination of the catapult end speed curve for the alrplane with
boundary-layer control, at a gross welght of 19,700 pounds, is caused by
the fact that the excess thrust (thrust available minus thrust required)
no longer exceeds en assumed minimum desirable value of 0,065 times the
grogss welght. The difference between the veloclty supplled by the
catapult and the end speed required is the amount of wind that has to be
blowlng over the deck. The wind over the deck required as a function of
the gross weight for the two airplane configurations is presented Iin
figure 16. It wlll be noted, at welghts below 19,700 pounds, that the
airplane with boundsry-layer control requires sbout 6 knots less wind
than the standerd alrplsne.

Approach characterigstics.~ Based on an evaluation by the four
research pilots (which willl be discussed in the next sectian), the
approach speeds were 103 knots with the standard airplane and 93 knots
with the boundary-leyer control system operating. These speeds are
based on a gross weight of 13,100 pounds. If the approach 1ift coef-
ficlents are plotted on the 1lift curves for the basic configuration as
is done on figure 17, 1t 1s seen that the effect of operating boundary-
layer control systems 1s to allow the pilot to approach at an angle of
attack, blowlng on, equal to or greater than that with blowing off. If
1t is assumed that the angle of attack will be kept constant then the
variation of approsch speed with gross welght can be computed. This var-
iation is shown on figure 18.

Landing characteristics.=- To evaluate the effect of the boundary-
layer control system on the actusl landing performance of the alrplsne
the landing distancee have been computed and are compared in the follow-
ing table. To calculate this sinking type approach an engine speed of
70 percent and a Cp,_- with blowing on of 2,1 were used. During a
landing the thrust loss on the alrplane with boundary-layer control is
no longer a factor and the benefit of the boundary~layer control is
readily seen. In the calculations approach power is assumed until the
touchdown polnt at which time a complete chop of power is made and no
thrust actes during the ground rm.
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Welght = 13,000 1Ib Weight = 15,000 1b
Ground |Distance over 50| Ground}Distsnce over 50
run | foot obstacle run | foot obstacle
Boundary-lsyer
control on 1515 2560 1755 2730
Boundary-layer
control off 1620 3680 1880 340
(or stendard
airplane)

Pilotts Opinion

A short evaluation of the airplane was conducted by four NACA pllots
to determine the minimm safe speeds at which carrier-type approaches
could be made with and without the boundary-layer control system. The
speeds chosen by esch pilot, as well as the reasons for choosing them,
are shown in table II. These speeds are corrected to calibrated airspeed
and correspond to a normal landing gross weight of approximately 13,100
pounds. Also included in thie table is a summary of the stall speeds
(corrected to calibrated airspeed) and stall characteristics of the air-
plene as reported by each pilot.

Tt will be noted that an appreciable difference exists between the
approach speeds chosen by the different pilots. This can be attributed
to the individuasl interpretation of a "minimm safe approach speed” and
to the varying degrees of turbulence encountered by each pllot. Because
of this, it is felt that a much more valid evaluetion of the system can
be obtained by comparing the decrease in approach speed experilenced by
each pilot due to the use of boundary-layer control rather than comparing
the average approach speed. On the basis of thls, 1t seems that an aver-
age of a 10-knot reduction in approach speed can be realized by the use
of this system.

The primsry reason for limiting the approach speed lies In the abil-
ity to control the airplane altitude or to arrest a sink rate. This speed
seems to be that at which the pilot feels he can rotate the airplane to
change his flight path angle by an edequate amount and still have suffi-
cient thrust respanse fram the engine to overcome the increased dreg
assoclated with the higher sngle of attack. In only one case, that of
the pilot who chose the lowest approach speed, was proximlty to stall
consldered s limiting factor. The 1lift coefficients corresponding to
each pilot!s choice of approach speed are shown In figure 17. Imncluded
in this figure sre the average values of 1ift coefficient computed from
the approach alrspeeds measgured in reference 6. It should be noted that
with this particular application of boundary-layer control the pilots
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seem willing not only to use all of the 1ift inecrement provided by the
system at a glven angle of attack but, with the system operating, to
increase slightly the angle of attack at which they approach.

The stall characdteristics of the alrplane are generally considered
to range from marginal to unsatisfactory, due to the unacceptable roll-
off which occurred at the stall. This roll-off seemed to be slightly
more pronounced with the boundsry-layer control on. Opinion was divided
a8 to the adequscy of the stsll warning; however, the consensus was that
1t was rather weak and occurred close to the stall.

The lateral-directional stebility of the airplane in the approach
configuration is poor and does not seem to be changed much by the appli-
cation of boundary-layer control; though at the higher approach speeds,
with the system operating, there 1s an apparent breskdown and reattach-
ment of flow over portions of the flap which gives rise to rolling
moments and further excites the lateral-directlional oscillations.

As no quantitative measurements were made of the take-off perform-
ance of the airplane, the only data that can be given are a comparison
of pllot oplnion with and without the system operating. Some difficulty
was experienced in obtaining nose wheel lift-off with the boundery-layer
control on, due probably to the nose-down pitching moment associated with
operating the system. The take-off was accomplished at a lower airspeed
with the boundary-layer control on; however, the higher drag was quite
noticeable to all the pilots and resulted in a lower accelersastion, which
partially canceled the effects of the decrease in teske-off speed.

Other Configurations Tested

In addition to the data obtained for the basic conflguration, certain
other configurations were tested. The 1lift and drasg data for these other
configurations are presented in figures 19 through 21. The configurations
were: (1) the basic configuration but with pylons mounted on the lower
surface of the wing as shown in figure 5; (2) the basic configuration with
the droopable leading edge of the wing locked down; and (3) the basic
confilguration with only the outboard flap deflected, but with the tip
tanks on, The variations of momentum coefficlent with 1ift coefficient
during these test runs were simllar to that shown in figure 6. A compari-
son of flgures 20 and 21 indicates that the reduction in maximum 1ift
coefficlient from closing the split flasp under the fuselage was sbout 0.13.
A comparison of filgures 19 and 20 indicates that reduction in the angle
for meximum 1ift for the alrplane with flaps and gear up could be atirib-
uted for the most part to the droopable leading edge.
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CONCLUDING REMARKS

The in-flight evaluation of the high-pressure-blowlng boundary-
layer control system as Installed in the FOF-4 airplsne resulted in the
followlng:

1. The use of blowing increased the maximum 1ift coefficient in
the approach condition from 1.98 to 2.32.

2. The flap 11ft increment with blowing on wes greater than the
theoretical flap lift increment, so it was possible that some increase
in eirculation could be present wilth the boundary-leyer comtrol system
operating. ' -~

3. The flight-test data indicate a larger favorable effect caused
by the boundary-layer control system than that measured on e l/ 5¢5=
scale model of the FOF=i sirplane in a wind tunnel.

L, Calculations of the take-~off distances showed 1little improve-
ment for the boundary-layer control airplane, due to the thrust loss of
the engine during blowing operstion. The boundary-layer control air-
plane, however, could be catapulted successfully with less "wind over the
deck" +than the standard airplane.

5. The effect of operating with boundary-layer control is that 1t
allows the pilot to approach at en angle of attack equal to or greater
then that used without boundary-layer control. This corresponds roughly
to a 10=knot reduction in the approach speed, due to operatlon of the
boundary-layer control system.

Ames Aeronauticel Isboratory
Natlional Advisory Committee for Aeronautics
Moffett Field, Calif., Nov. 1, 1955
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APPENDIX A

EQUATIONS USED FOR DETERMINING LTF'T AND DRAG

Lift

Body axis

With the notation and sign conventian Indicated in the above dlagram,

the 1ift and drag equatians, as used In this report, are as follows:

Lift = W(Ancos a + Azsin @) - Fgsin o
Dreg = W(Ansin a - Ajcos a) + Fgcos o = wgVo
where -
W welght of sirplane, 1b
An normal acceleration factor, g units
Ay longltudinal acceleration factor, g units
o angle of attack, deg
Fa grose thrust, 1b
Wg,  engine inflow, slugs/sec
Vo airplane free-stream velocity, f£t/sec

The welght of the alrplasne was determined from the take-off weight and
the amount of fuel uséd between the take~off snd the time of the run.
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A total-pressure probe was mounted In the tail pipe of the Jjet
engine to give data for the determinstion of engine gross thrustv snd alr
flow. In order to use the dats from a single probe, it was necessary to
asgume that a uniform distribution of temperature and pressure existed
across the tall pipe. It was also sssumed that the static pressure in
the tall pipe exit was equal to free-stream statlc pressure and that
there were no nozzle losses., The equations used for engine thrust and
air flow determinstion are presented in reference 7.
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APPENDIX B

METHODS USED TO EVALUATE THE PERFORMANCE CAPABIL.ITIES
OF THE BOUNDARY-LAYER CONTROL SYSTEM
The following are the equations used and the assumptions made to

calculate the performsnce capebilitles of the boundary-layer control
system on the FOF-U4 airplane.

Take-off distance: ) , L -

wv2
TO £t

6L.LT - i - gS(Cp - nCg)]

Ground rn =

where the take-off velacity

Voo = 1.2 Vata1a

1.2(1.837 /E'—T—Sln—m> , ft/sec
L

and '
1 2
Q=3 p(0.7 Vpg)
T = thrust at 100-percent N
W = gross weight in pounds
u =0.02
a = angle of attack corresponding to Clmeax

Acceleration is assumed to vary linearly up to teke-off veloelty. Om
this ailrcraft the maximm ground asngle is 12° so +this value does not.
limit the take-off calculations (ref. 8, pp. 194-196).

v 2
Air distence = 29 W 4 _"T0O

T-D 32.22

D = drag at 0.7 CLmax

where
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In thie equation it is assumed that thrust and drag remain constant
during transition and that maximum steady climb has been reached before
attaining the 50-foot height (ref. 9, pp. 48-51).

Landing distance:

V2

Ground roll = log eCF%) , £t
D D
“ifs- @]

where the landing veloclty

VL,

1.15 Vgta1l

H = 0.h0

In this equation it is assumed that .0 1s constant and there is no
thrust during ground run (ref. 10, pp. 311-313).

and

U

, Pt

(Vso® - V12) W
6h.h * 50] D-T

where the velocity at the 50-foot height

Air distance = [

V50 = 1-2 VE'GE]]
and
T

thrust at T0-percent N
(ref. 8, pp. 197~198).

Catapult end speed:

Voo =/295(w - T sin a) . knote

SCLqg
where

T = thrust at 100-percent N

.9 chax

a = angle of attack corresponding to CLTO

5
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TABLE I.- DIMENSIONAL DATA FOR THE GRUMMAN FOF-lL ATRPLANE

Wing
Alrfoil section . . ¢ ¢ ¢ ¢ ¢ « « o « .
Area, Bg ft . . ¢ ¢« ¢ ¢ ¢ ¢ e ¢ ¢ e o .
Span, Tt . « ¢« ¢ ¢ 4 0 ¢ 4 e e o e . .
Root chord, in. e & « « v o « 4 o e o
Tip chord, in. . « « ¢ ¢ « &« &« ¢« o « «
Mean serodynamic chord, in. e o 4 e .
Aspect ratio . . . . . ¢ ¢ o ¢ o e o .
Incidence, deg . . « ¢« « ¢« ¢« ¢« « « « &
Flaps
Slotted
Inbroed end at 26.3-percent semispan
Outboard end at 59-percent semispan
Area, sq ft « « &« ¢« ¢ ¢ @ ¢ o . o . .
Deflection, deg « - « « « o« « ¢« o« o &
Split (under fuselsge)
Inboard end at O-percent semispan
Outboard end at 26-percent semilspsan
Area, sgft . . . . « ¢ o o . . ..
Deflection, deg « . ¢« ¢« ¢ ¢ ¢ « « « &
Nose
Inboard end at 26.3-percent semispan
Outboard end at 89. 8—percent semispan
Area, sq £t . . . . . . « e o o
Deflection, deg . « ¢« « ¢ ¢« ¢« « & . .

HACA 64AO1O0
- - 250
. . 38
. . 1a7
. . hl
. . 89.5
. . 5.0
. . 0
. . 33
. . k5
. . 21.7
. . Lo
. . 25
. . 19




TABLE TI.- PITOTS' COMMENTS RELATING TO STALI, AND APPROACH CHARACTERISTICS OF THE FOP-L

WITH BLOWING FTAP

Stall cheracteristics (power

approach configuration) Approach|Primary reasons for choosing
Pilot|Configuration - speed approach speed
088 .
Airspeed Welght Opinion
Warn: 95 b Wern: Inadequate Inadequate altitude control
P R s Stall: 00 145T00) 5ta1: : Marginal 107 | Zoebillty to srvest sink rate
Wern: G5 Warn: Inadequate Inadequate altitude control
Blowing on |geoq7, 85 57005011 Marginat % |Tnebility to arrest sink rate
Wern: 93|y mog|ierm: O Tnadequate altitude combrol
Blowing off |gi.17.90(+*s97%0)atall: Marginal 103 Iﬂﬁi;ﬁf’;ﬁ: and sta~
B
Inadequate altitude control
Werm: B7 Warn: OK
Blowing on  |oioq0.ga 14 ,ko0 Stell:Merginal ) La;:iia;.y reiipgi and sta-
Warn: 95 Warn:; Unsatisfactory Inadequate longitudinal
c Blowing off Stall: Q2 11"’700 Stall:Unsatisfactory 100 control response
Warn: 88 Warn: Marginal Inadequate longltudinal
Blowing o |apo17,8) 1k,600 Stall:Unsatigfactory 51 control response
Wern: Warn:
5 Blowing off Stal1:90 15,000 Stall:Satlsfactory 100 Altitude control
Warn: 80 1 Wern: Proximity to stall and
Blowing on {g4a11;77/|13:3%)stal1  Unsatiafactory] 0 altitude control

lAirplane gross weight, 13,100 lb.
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380

Figure 1.~ Drawlng of the test airplane.
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(a) Flaps up.

Figure 2.- Three-guarter rear view of test

elrplane,

A-20858

ac
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(b) Flaps down.

Fig’ll'l:‘e 2."' Conclud.ed..

A-20287
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Spacers

Valve .

Tail pipe nozzle

Pilot control Collector ring

wing nozzle

Figure 3.~ Schematic drawing showing the wing-shroud-blowing system.
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Wing duct

P ——
-

Hinge point

(a) Typical cross section of wing through the flap.

i 3
X \\\
\.~
2 B et MRS S Gupap I
; N
~N
N
40 60 80 100 120 140

Wing station, in.
(b) Location of blowing nozzle with respect to the flep.

. Figure 4.~ Details of the blowing flsp instellstion.
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(4) Bleed-air varistion with engine speed; valve open.

Figure 4.~ Concluded, «- -
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Figure 5.- Close up of wing showing external hinges and pylons.
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e Flap and gear down, blowing on, nose flap = 19°.

28
2.4 C >
ol C ] |
' o L8 ML ST | [
16 _ il \ | P /
AL B s |
12 A Za s
Jf J‘!ﬂ ﬁ'lﬂ g'y ﬁ
h ~
.8 ':/p ‘l:r g _f l
ol & : [
[ © i
4
94 0 4 8 12 16 20 249 0 . 2 3 4 i3] B Q 02
e, deg Go Cu
(a) Lift characteristica. (b) Drag characteristics. (¢) Momentum
coefficient.

Pgure 6.~ Lift and drag characteristiecs of the test airplane; pylons off, approach power
N = 85 percent.
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e Flap and gear down, blowing on, N=85%, nose flap = 19°
& Dol N=100%,do.___ _ ___

2.0 ;:{ g \ . % l l’

~)

94 0 4 8 12 & 20 24 O A

2 3 4 ] 5 0 02 04
a, deg GD G'
(a) 1ift characteristics ; (b) Drag characteristics. (¢) Momentium

coefficient.
Flgure T.- 'Ihe effect of changing engine speed on the 1i1ft and drag charscterlistics of the
test airplane; pylons off,
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Momentur coefficient, G,

Flgure 8.~ Variation of 1lift coefflcient with momentum coeffleclent at severa.l values of engle
of atteck; test airplane, flap end gesr down, nose drooped 19
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Figure 9.~ The varistion in flap lift increment caused by increases in momentum coefficlent at
several angles of atteck; test mirplane, gear down and nose flap drooped l9°.
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04
N=100%
-— "—’—T-_
—’,‘_’ l
4= N=85%
CP- .02 ~ ///
a1
@)
1.0
bt
,|Blowing on N =100%
" — T~ ey
8 B =2
' ,{Blowing on N=85%
- ‘FK I
— \Theoreﬁcal T
6
L fiap rBlowing off
.2
O
0 8 12 16
a, deg

20

31

Figure 10.- Variation of flep effectiveness with angle of attack for

outboard flap only; tip tanke removed, gear down and nose flap
drooped 19

I
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A-30178
Figure 11.- Three-quarter rear view of test airplane with wing %ip tanks removed and cutboard
flap deflected.
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o Flap and gear down, blowing on, (N =85%)
a ]« — blowing off, do..___
¢ Flap and gear up, blowing off, (N = 85%)
A  Flap and gear down, blowing on, (N = [00%)
24
/'A
~ K o
20 e
ALz’ °
o g
B | L
1.6 713
ZF A
CL LA/ 7
// PR LSO~
A “c
Lo ﬁ/A/ ’dh,u X'M
yd g
7 o
857 | o &
8 -~ -
’ Pt
A ,u’ ’y‘ﬂ
L a ol 0’5'
4
0
-4 0 4 8 12 16 20 24

a, deg

Figure 12.~ Varigtion of 1ift coefficient with angle of attack; outboard
flaps only, wing tip tenks removed, and nose flap drooped l9°.



Flight test
————— Wind tunnel
24 6
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(a) Variation of lift coefficient with angle (b) Comperison of blowing effectiveness;
of attack in approach ccndition; N = 85 @ = 10°,

percent, blowlng on, nose flap drooped 19

Figure 13.- Comparison of the flight-test results with test of a 1/5.5-scale model in a wind
tunnel (ref. 3).
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6
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/
© BLGC sysfem on

5 A BLC system off ]
o
3
= 4
\
=
wﬁ
R Normal, unmodified engine —
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®
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> 2 ]
o 7/
2 /
[&]
o
S
© 1 Engine

modified fo inciude
the BLGC sysiem
o | | [
0] 20 40 60 80 100

Gorrected engine speed, N/J6, percent

Figure 14.- Comperison of the engine thrust with and without the
boundary-layer control system (ref. 6).
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Boundary layer controiled airplane
120 — — — — Standard agirplane
P
/ .
// %Fleld take - of f
120 // velocity
7Y
4/ A /
’/ ”
(10 L A«
/F /// — Catapult end speed
‘é ) pad /| .
= /’ /:/’ /‘;7\ Limited by
=100 / AR msuffl;:l':em"r excess
E L T
) /‘, ol =~ Stalling
// //" speed
90 L, Ar /
7
f //
\>//
Sy
v I~ Operational limit of
<\ H4B catapult
e~
70
14 i6 18 20 22 24x10°

Gross weight, ib

Figure 15.- Comparison of the take-off characteristics of the alrplane
with boundary-leyer control and the standard airplane (N = 100 percent).
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Boundary layer controlled airplane
————— Standard airplane
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Figure 16,~ Comparison of the wind required to catapult the airplane with boundary-layer
control and the standard airplane.
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24
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Figure 1T7.~ Approach 1ift coefficlents selected by the Ames research
pillots (N = 85 percent).
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Figure 18.- Variation of approach veloecity with gross weight.



© Flop and gear down, blowing on, N=B85%, nose drooped 19°
O DO blowing off, do. - _____.
¢ Flap and gear up, blowing off, N = 85%, nose drooped O°

Of

24
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0
-4 0 4 8 12 16 20 | .2 3 5

a, deg

Figure 19.- Lift and drag cheracteristica of the teat airplane with pylons on.
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o Flap and gear down, blowing on, N=85%, nose drooped [9° £
O DOt eveem blowing off, d0. - e e e e E
< Flap and gear up, blowing off, N=85%, nose drooped 19° o
2.4 5 N
o O £ TN E
LT | ) | BT
" ¥l |t | ; 4
G 0‘9}, P - ) '"-—0
L A 4
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_ &
o "G
a /ﬂf ry . ,&, ;
. 6 a7 #’p
Z - |
4 A
0
-4 0 4 8 12 16 20 24 0 1 2 3 4 5 6
a, deg Cp
(a) Lift cheracteristics. . (b) Drag characteristice,

Figure 20,- L1ft and drag cheracterletica of the test airplane with both flapa actuated, nose
flap drooped, and pylons on.
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© Flop and gear down, blowing on, N =85% , nose drooped |9?
B DO biowing off, do. . ____ __ ..
¢ Flap and gear up, blowing off, N =85%, nose drooped 19°

24
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&1L ST dife
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Agdf«dn’ & z
4
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a, deg Cy
(a) Lift characteristics. (b) Drag characteristics,

Figure 21.- Iift end drag characteristics of the test airplane with only the outboard flap
actuated, nose flap drooped, and pylons off.
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